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ABSTRACT
SEASONAL METHANE AND CARBON DIOXIDE EMISSIONS ALONG A TEMPERATE
FLUVIAL WETLAND DOMINATED RIVER CONTINUUM
Paige Elizabeth Clarizia
Freshwater ecosystems, such as streams and fluvial wetlands, are a subset of global
aquatic ecosystems and produce and emit significant amounts of the greenhouse gases (GHG)
methane (CH4) and carbon dioxide (CO2) to the atmosphere. In temperate regions, freshwater
ecosystems often contain fluvial wetlands, which form the boundary between stream and wetland
ecosystems. In fluvial wetlands, oxygen- and nutrient- poor soils are continuously fed by
upstream river networks, which have the potential to create ecosystems with enhanced GHG
production and emissions. The magnitude and seasonal variability of natural GHG emissions
from freshwater fluvial wetlands, though highly understudied, have been suggested to
significantly contribute to global GHG budgets, a critical concern as the pace of climate warming
accelerates. This study reports assessments of a full year of seasonal patterns and potential
drivers of GHG emissions from a temperate fluvial wetland dominated river continuum. Methane
and CO2 emissions were measured using a static chamber method at six locations along the
Ipswich and Parker River Watersheds, northeastern Massachusetts, U.S.A. The results indicate
that emissions correlate with dissolved organic carbon (DOC) and water temperature for both
gases, where CH4 was additionally influenced by dissolved oxygen content (DO) and CO2 by
total dissolved nitrogen and sulfate. Additionally, summer emissions only account for 48% of
annual emissions, and indicate accordingly that winter and shoulder seasons must be included for
fully accurate predictions of global freshwater GHG emissions and associated drivers.

vii

CHAPTER 1: INTRODUCTION
Freshwater ecosystems, which have previously accounted for an estimated 3.4% of global
natural methane (CH4) emissions (IPCC 2007), are major sources of greenhouse gases (GHG) to
the atmosphere because of their ability to transport and transform terrestrial organic matter (Cole
et al. 2007; Battin et al. 2009; Aufdenkampe et al. 2011; Bastviken et al. 2011; Raymond et al.
2013; Borges et al. 2015; Stanley et al. 2016). Recent studies emphasize the important role of
freshwater ecosystems in many key ecological processes, including organic carbon (C) storage
and GHG flux from sediments (Cole and Caraco 2001). As these systems are often influenced by
surrounding terrestrial ecosystems, freshwater ecosystems have been previously considered a C
sink (2.4 - 3.6 Pg C y-1; Le Quéré et al. 2018). However, these systems are commonly
supersaturated in GHGs, specifically CO2 and CH4 (Bastviken et al. 2011; Schade et al. 2016;
Stanley et al. 2016), showing them to be net sources of C to the atmosphere.
Greenhouse gas production in freshwater ecosystems has been associated with seasonal
and spatial variability in organic matter and solute input, transport, and transformation both
within the water column and within stream sediments. The rate of gas evasion and exchange is
typically regulated by dissolved gas concentration and water temperature (Inglett et al. 2012;
Campeau and Giorgio 2014; Marotta et al. 2014), where cold temperature conditions during nongrowing seasons facilitate higher gas solubility and C preservation in freshwater ecosystems
(Gudasz et al. 2010), while warmer conditions during the growing season promote C decay,
resulting in large C emissions to the atmosphere (Marotta et al. 2009; Bastviken et al. 2010).
Additionally, the combination of biological and hydrological factors, such as discharge and
upstream fluvial wetland drainage, alters GHG emissions from freshwater ecosystems spatially.
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Most studies of freshwater ecosystem GHG emissions have focused on lakes and
wetlands, with less attention paid to small streams or fluvial wetlands (Cole et al. 2007;
Crawford et al. 2013). Fluvial wetlands, which serve as a transition zone between terrestrial and
aquatic ecosystems, are often characterized by enhanced organic matter degradation and flooded
anaerobic soils. Fluvial wetlands are distinguished from other wetlands because they are stream
fed with a continuous input of C, nutrients, and dissolved oxygen and other electron acceptors,
while maintaining high organic matter storage and low dissolved oxygen (DO). This in turn
likely promotes the enhanced production and emission of GHGs within these freshwater fluvial
wetlands; many studies have suggested that wetland ecosystems emit large quantities of GHGs
including CH4 and CO2 (Bridgham et al. 2006; Maucieri et al. 2017). However, determining
whether GHG production varies along a fluvial wetland continuum is still unknown.
Additionally, most studies in freshwater ecosystems capture growing season GHG emissions
(Jones and Mulholland 1998; Hope et al. 2001; Holgerson 2015), with minimal emphasis on
winter sampling periods. Studies that have observed annual freshwater GHG emissions show
minimal emphasis on periods between seasons, also referred to as shoulder seasons (MarínMuñiz et al. 2015; Natchimuthu et al. 2017) where emissions likely become sensitive to large
climatic shifts and resulting alterations in biogeochemical processes. Understanding how
seasonal environmental parameters, like temperature, can affect GHG emissions along a fluvial
wetland continuum and over the hydrologic year has yet to be accomplished
Annual outgassing of C emissions (as CO2) were initially estimated at 0.8 Pg C y-1 (Cole
et al. 2007), revised as 1.8 Pg C y-1 (Raymond et al. 2013), and more recently at 3.9 Pg C y-1
(Drake et al. 2018). The increase in freshwater C source with each revision suggests that
freshwater ecosystems have been highlighted as important contributions to total GHG budgets
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and therefore emphasizes that annual datasets are not only critical but essential in accurately
estimating global budgets. Additionally, understanding the seasonal variability and shoulder
season sensitivity of these natural CH4 and CO2 emissions are important in global GHG and C
budget modeling.
Recent studies have however shown that low-order streams contribute to global C
emissions and suggest that additional research is needed to determine the driver/s of these
emissions (Raymond et al. 2013; Schade et al. 2016). With great uncertainty remaining in global
estimates of freshwater GHG emissions and understanding their drivers, our objective was to (1)
determine winter and shoulder season significance in annual emissions and (2) identify drivers of
spatiotemporal variability in CO2 and CH4 emissions in small streams along a fluvial wetland
continuum. Monitoring GHG emissions along an entire 4.7 km continuum allows us to determine
how advective channel inputs to different sections of the flow path may control emissions and
identify the wetland transient storage across the fluvial wetland. We predict that non-growing
season emissions of CH4 and CO2 are significant due to the impacts of leaf litter in later fall, due
to the contribution of higher temperatures during winter thaw periods. Additionally, we predict
that wetlands along the river continuum will result in greater CH4 and CO2 emissions than nonchannelized systems as a result of higher dissolved organic carbon and lower DO.
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CHAPTER 2: FIELD SITE AND METHODS
Site description
The Plum Island Ecosystems Long Term Ecological Research (PIE LTER) Network,
located in northeastern Massachusetts, is fed by the Ipswich and Parker River watersheds (Figure
1). The Ipswich River network drains a 404 km2 watershed in northeastern Massachusetts where
watershed landcover includes upland forest (36%), residential (30%), wetlands (20%),
agriculture (7%), industry/commercial (4%), and open water (3%; Wollheim et al. 2008). Mean
annual precipitation is 1188 mm y-1 and mean annual discharge is 5.4 m3 s-1 (Wollheim et al.
2008). Peak flow, typically during spring, can reach 100 m3 s-1 (Wollheim et al. 2008), whereas
typical summer base flow is about 1 m3 s-1, but can be as low as < 0.1 m3 s-1 (Zarriello and Ries
2000). The Parker River watershed is 54.5 km2 in size and runs parallel to the northern region of
the Ipswich River watershed. The Parker River watershed is heavily forested and mean annual
precipitation is 1033 mm y-1 and mean annual discharge is 1.08 m3 s-1 (U.S. Geological Survey
2019). Peak flow, typically during spring, can reach 1.9 m3 s-1 whereas typical summer base flow
is about 0.1 m3 s-1, but can be as low as 0.4 m3 s-1 (U.S. Geological Survey 2019). Due to the
shallow topographic gradient of the region, there are an abundance of wetlands present that are
fed by headwater streams. The watersheds drain into the Plum Island Sound, part of the Plum
Island Ecosystems LTER. Increased urbanization in this region has led to ecosystem impacts on
the watersheds such as increased nutrient fluxes (Williamson et al. 2009), and changes in the
hydrologic cycle (Claessens et al. 2007; Pellerin et al. 2004).
Our research sites range in vegetation type and impervious surfaces from areas that are
naturally forested to fully urbanized to wetland influenced providing a unique opportunity to
study GHG emissions. Cart Creek (CC; 42°45'42.0"N 70°54'54.7"W) is a forest headwater of the
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Parker River Watershed, has a percent wetland drainage influence of 17.7, mostly a result of
local beaver ponds, and is north of the Ipswich River wetland complex sampled in this study.
Sawmill Brook (SB; 42°31'21.3"N 71°11'00.3"W) is an urbanized headwater of the Ipswich
River Watershed, has a percent wetland drainage influence of 4.1, and is considered a
downstream reach of where the Ipswich River Watershed begins. Chestnut Wetland (CHEST;
42°31'37.9"N 71°10'20.9"W) is 0.9 km downstream of SB and is the location where the stream
network opens into the wetland complex. CHEST has a similar percent wetland drainage
influence of that to SB, 4.2%, and is considered the wetland inlet. The intermediate wetland was
observed at two sites at Maple Meadow Brook (MMB and FED; 42°33'10.1"N 71°09'23.7"W
and 42°33'07.2"N 71°08'59.7"W, respectively) which are approximately 2.8 and 3.4 km
downstream of CHEST. Both sites are characterized by a large spatial area, heavy aquatic
vegetation and life, and have wetland drainage influences of 13.2% and 14.3%, respectively. The
last site, Ipswich River marker (IP00; 42°33'13.7"N 71°08'37.7"W), is 0.5km from FED, has a
wetland drainage influence of 17%, and is where the wetland narrows and the main channel of
the Ipswich River begins. Sample sites in the headwater streams were located in representative,
free-flowing sections.

Field and laboratory work
Three chamber measurements were made on the water surface along a longitudinal
transect at each of the six sites weekly from October 2018 to October 2019. The sampling
locations were within the center of the stream reach and were approximately 1 m apart. A static
flux chamber method was used (Sha et al. 2011; Collier et al. 2014; Marín-Muñiz et al. 2015;
Richards and Craft 2015) where a dark polypropylene chamber was placed on the water surface
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and five headspace samples were taken from the chamber every 5 min during the 25 min
sampling period with 60 ml polypropylene syringes attached with polycarbonate/nylon
stopcocks. Samples were then stored in 30 ml evacuated glass vials for further analysis. At each
site, 60 ml of ambient air was also collected and stored. All gas samples were analyzed as
duplicates in the Trace Gas and Biogeochemistry Laboratory at the University of New
Hampshire. Mixing ratios of CH4 in the chamber headspace were determined by analysis with
the Shimazdu Gas Chromatograph Flame Ionization Detector (GC-FID; Treat et al. 2007) and
CO2 concentrations in the headspace using an infrared gas analyzer (LI-6252 CO2 InfraRed Gas
Analyzer (IRGA)).
Methane concentrations were determined and standardized using the average area
response of 10 injections of a standard gas mixture (Northeast Airgas, 2.006 ppmv) to determine
an instrument precision of analysis (Frolking and Crill 1994). Fluxes were calculated as nmol
CH4 m-2 s-1 using a linear regression analysis of the change in CH4 concentration over time
(

∆""#$
#%&

) for each sampling location:
'() +,-. (012, 134 5 36 ) =

∆99:;
:<=

?

B

∗ @A ∗ DC ∗
C

6:<=
EF G

(1)

where the laboratory pressure (P) and temperature (T), ideal gas constant of 8.2015*10-5 m3 atm
K-1 mol-1 (R), and chamber area (Ac; 0.24 m2) and volume (Vc; 8.32 L) were accounted for. The
three chambers were averaged for each site, resulting in an average CH4 flux per site per week
from October 2018 to October 2019. Units were converted to mg CH4 m-2 d-1 for further analysis.
To determine CO2 evasion rates, an instrumentation response factor for the IRGA was
completed by first using a linear regression analysis to determine the slope and y-intercept of the
standards (Northeast Airgas, 980.9 ppmv). Duplicate standards were run by injecting incremental
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volumes of CO2 standard gas (1, 3, 5, 7, 10 ml; Treat et al. 2014). Carbon dioxide concentrations
of chamber headspace samples (µg ml-1) were calculated as follows:
'20HI0JKLJM20 'N4 (OP 1, 36 ) = QL1R,I S0JIPKLJIT UKIL ∗ 1 + W

(2)

where the standard linear regression slope (m) and y-intercept (b) were considered. Linear
regression analyses were then completed to determine the change in concentration over time as
input for flux calculations (µmol m-2 d-1):
'N4 +,-. (O12, 134 T 36 ) =

∆XY
:<=
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(3)

where the chamber area is 0.24 m2 (Ac) and volume is 8.32 L (Vc). Units were converted to mg
CO2 m-2 d-1 for further analysis.
Water chemistry samples were also collected at six sites from October 2018 to October
2019. Water was taken from 10 cm below the stream water surface in a 60 ml polypropylene
syringe attached with a polycarbonate/nylon stopcock. The sample was filtered (Whatman GF/F
0.48-micron) into acid-washed 60 ml bottles and frozen for subsequent analyses (Schade et al.
2016). Water samples were analyzed for concentrations of anions (chloride (Cl-) and sulfate
(SO42-)), nitrate (NO3-), ammonium cations (NH4+), total dissolved nitrogen (TDN), phosphate
(PO43-), and dissolved organic carbon (DOC). All water chemistry analyses were conducted in
the Water Quality Analysis Laboratory at the University of New Hampshire (Santos et al. 2019).
Stream water was analyzed for NH4+ using a SmartChem 200 discrete automated colorimetric
analyzer (Unity Scientific, Brookfield, Connecticut, U.S.A) and NO3- and NH4+ using a Seal
AQ2 (Seal Analytical, Mequon, WI, U.S.A) discrete colorimetric analyzer. Anions were
measured using ion chromatography with a Dionex ICS-1000 (ICS 1000; Dionex, Sunnyvale,
California, U.S.A). TDN and DOC were measured by high temperature catalytic oxidation with a
Shimadzu Total Organic Carbon analyzer (TOC-LSH; Shimadzu Corporation, Koyoto, Japan).
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Dissolved gas samples were collected at each site during the full sampling period using
60 ml syringes fitted with two-way stopcocks. Syringes were first triple-rinsed with 20 ml of
sample prior to actual sample collection. During collection, syringes were filled with 60 ml of
stream water at the same depth as the chemistry samples, 10 cm below the stream water surface,
and were cleared of air bubbles. Samples were then returned to the laboratory (within 12 h
period), and the 60 ml aliquot was evenly split between two 60 ml syringes, with 30 ml of
ambient air pulled into each (to achieve 1:1 of sample:air). These split aliquots were
subsequently acidified using 0.15 ml of 30% phosphoric acid (H3PO4; Striegl et al. 2001).
Syringes were then shaken for 2 minutes to equilibrate gases between water and headspace
(Treat et al. 2007; Garnett et al. 2016). The water was emptied from the syringe, and the
headspace was run for dissolved concentrations of CO2 and CH4. Methane as run as previously
described on the GC-FID. However, the CO2 procedure also included a pH correction from
dissolved inorganic carbon to dissolved CO2. Headspace concentrations were converted to a
partial pressure by volume (ppmv) using an instrument response factor and was further converted
to molar concentration (µM).
In addition to direct flux measurements using the chamber methods, fluxes for CH4 and
CO2 were also estimated across the sampling period using
+ = de'f − 'hi j

(4)

where k (gas transfer velocity) is multiplied by the difference between the dissolved
concentration (Cw) and the measured concentration of the gas at equilibrium with the atmosphere
(Ceq; Raymond et al. 2012; Appendix, Table 7). A range of gas transfer coefficients were used
(k600: 5 – 20) for New England streams between the stream orders of 3 to 5, which was then used
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to calculate temperature specific Schmidt numbers (ScT) using techniques from Raymond et al.
(2012).
Stream water temperature (°C), pH, conductivity (µS cm-1), DO ( % and mg L-1) were
measured during each sampling day and at each site using a 556 Handheld Multiparameter
Yellow Springs Instrument. Calibration of the instrument occurred weekly. Wind speed (m s-1)
was measured using a Proster Handheld Anemometer. Stream discharge (L s-1) and water
temperature (°C) were collected from a LTER headwater site using an Honest Observer By
Onset (HOBO) Logger and a United States Geological Survey (USGS) Gauge Station in
Middleton, MA (USGS #01101500) across the sampling period. Stream discharge was
normalized for area via calculating runoff rates (mm d-1). Daily watershed precipitation was
gathered from the National Oceanic and Atmospheric Agency’s National Climatic Data Center
for Middleton, MA (https://www.ncdc.noaa.gov/).

Statistical analyses
Several different types of statistical analyses were performed using JMP PRO 14.0 and R
Studio. Empirical relationships of environmental parameters and water chemistry were
determined for both CH4 and CO2 flux using bivariate analyses; differences between CH4 and
CO2 flux and environmental parameters and water chemistry were determined using linear
modeling where effects of repeated measurements were not significant. Analysis of variance
(ANOVA) was then used to determine variation among sample sites and calendar seasons, for
fall (October 14, 2018 – December 20, 2018; September 24, 2019 – October 14, 2019), winter
(December 21, 2018 – March 19, 2019), spring (March 20, 2019 – June 21, 2019), and summer
(June 22, 2019 – September 23, 2019). Multivariate analyses of variance (Manova) and Tukey
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tests were completed to determine significant differences between fluxes and environmental
parameters and water chemistry at six sites across time. Manova tests also determined best
physical and chemical predictors of seasonal and annual cumulative CO2 and CH4 emission.
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CHAPTER 3: RESULTS
Headwater stream water temperatures had a similar seasonal pattern, where both
headwater sites (CC and SB) decreased in water temperature from October to January (Figure
2a). Water temperature remained relatively close to freezing (0ºC) until April and began to rise
throughout July. SB’s urban influence likely resulted in a more variable and warmer winter
temperature (specifically from late November through the middle of April) than CC’s wetland
complex structure that allowed the stream to freeze more easily, especially towards the surface.
Runoff from the downstream site of the fluvial wetland along the Ipswich River, South
Middleton, MA (USGS #01101500) was compared to HOBO Water Level Loggers installed at
both headwater sites (Figure 2b). All sites followed the same seasonal trend of lower runoff
during time of freeze (December to April), increased runoff during thaw and precipitation events
(April to June) and decreasing runoff with the onset of summer (Figure 2b). Runoff decreases
from October to November as streams dry from high summer atmospheric temperature and
increased evaporation and biological uptake rates. During winter season, runoff increased
sporadically, likely a result of increased precipitation and thaw events, until steadily increasing
beginning in April from spring precipitation and snow melt. A drying occurs in June from
decreased precipitation events and higher atmospheric temperatures, resulting in decreased
runoff through July. Stream runoff is higher at the urban headwater site (SB) than the forested
headwater (CC) and downstream of the fluvial wetland at Middleton, likely due to the larger
drainage area of 155 km2.
Methane emission from October 2018 to October 2019 ranged from 0.2 to 52 mg CH4 m-2
d-1 with a median of 4 mg CH4 m-2 d-1. Methane emission varied seasonally across the watershed
(Figure 3a; Figure 4a). Methane flux was lowest during the fall and highest during the summer
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(median 3.1 mg CH4 m-2 d-1 and 10.6 mg CH4 m-2 d-1, respectively) with statistically significant
differences between summer and fall months (p < .0001, n = 193). Methane emissions were low
at all sites during winter, ranging from 0.4 – 15.3 mg CH4 m-2 d-1 and a median of 3.2 mg CH4 m2

d-1 (Figure 3a; Figure 4a; Table 1). Methane emission slightly increased periodically at all sites

during a large precipitation event during November (Figure 2b; Figure 3a) causing a pulse
release of gas, which quickly diminished as the event passed. Additionally, CH4 emission
increased at most sites during winter thaw events where water temperatures periodically
increased (Figure 2a) causing a pulse release of gas until temperature dropped (Figure 3a). The
most variability in CH4 emission across sites occurred from January to March, when sites were
frozen over for the majority of this time frame, except for wetland inlet (CHEST); CHEST
thawed in the beginning of February, corresponding with the observed pulse in CH4 emission
(Figure 3a). As temperature continued to continuously increase from winter to spring, so did CH4
emissions (ranging from 0.5 mg CH4 m-2 d-1 to 25.5 mg CH4 m-2 d-1, median of 6.8 mg CH4 m-2
d-1). At all sites, CH4 emission increased in May as temperatures increased (Figure 3a); methane
emissions were highest in summer (range of 0.9 – 72 mg CH4 m-2 d-1; median of 10.6 mg CH4 m2

d-1). Summer CH4 emission was statistically significantly different than all other seasons

(Figure 4a; p < .0001).
Carbon dioxide emission from October 2018 to October 2019 ranged from 244 to 13421
mg CO2 m-2 d-1 with a median of 2134 mg CO2 m-2 d-1. Median carbon dioxide emission had
minimal seasonal variation (Figure 4b). Carbon dioxide emission was low during fall 2018 prior
to the large precipitation event in November, ranging from 312 to 7066 mg CO2 m-2d-1 and a
median of 2249 mg CO2 m-2d-1 (Figure 3b; Table 1). Carbon dioxide emissions increased during
the November precipitation event, ranging from 3681 – 7066 mg CO2 m-2d-1, median on 4562 mg
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CO2 m-2d-1. Emissions decreased as temperature decreased, with few thaw events and resulting in
a pulse release of atmospheric CO2. Overall winter CO2 emission ranged from 622 – 5613 mg
CO2 m-2d-1 (median of 2132 mg CO2 m-2d-1; Figure 3b; Figure 4b; Table 1). Similar to CH4
emissions, CO2 emission increased as temperature increased in spring (range of 299 – 12802 mg
CO2 m-2d-1, median of 2007 mg CO2 m-2d-1). Fluxes at all sites increase as temperature increases
beginning in May and positively relate with stream precipitation events (Figure 2); carbon
dioxide emission was highest in the summer (range of 245 – 13421 mg CO2 m-2 d-1; median of
2261 mg CO2 m-2 d-1). For both gases, there were a few precipitation events in June and July that
led to variable fluxes correlating to increased runoff via precipitation events (Figure 2; Figure 3).
Summer fluxes for both CH4 and CO2 were statistically significantly different than the rest of the
year (p < .0001 and p = .0015, respectively).
Spatially, emissions of CH4 and CO2 were analyzed across the sampling season along a
gradient of wetland influence. Generally, both CH4 and CO2 emissions increased with increasing
percent wetland drainage influence apart from the site with the highest percent wetland (forested
headwater; Figure 5a, b). Though high in percent wetland drainage, the wetland environments
upstream of the forested headwater site are created by beaver dam flooding, and likely do not
achieve optimal conditions for gas production. Methane and CO2 emissions were statistically
significantly different across a percent wetland continuum (p = <.0001), suggesting that wetland
drainage plays a role in GHG emission in fluvial wetland ecosystems.
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CHAPTER 4: DISCUSSION
Non-growing season GHG emissions
To date, most studies in freshwater ecosystems highlight growing season emission (i.e.
summertime), with very few reporting winter and shoulder season emission. This is not
surprising since measurements during these periods can be challenging due to access during
inclement weather or frozen surfaces. Our research indicates that summer emissions only
account for 56% and 37% of annual emissions for CH4 and CO2, respectively (Figure 6).
Furthermore, fluvial wetland emissions of CH4 and CO2 during the fall (13% and 26%,
respectively), spring (25% and 26%, respectively) and even winter (6% and 11%, respectively),
are significant periods for emission of GHGs during non-growing and shoulder seasons and are
critical for accurately estimating global GHG and C budgets. When estimating global emissions
from streams, the lack of winter and shoulder season data can create biased and inaccurate
estimates in global predictions.

Winter GHG emissions
Winter emissions, typically deemed insignificant in annual GHG budgets, accounted for
9% of annual GHG emissions in this study (6% CH4 and 11% CO2; Figure 6). During the winter
season, December 21, 2018 – March 19, 2019, water temperatures were well above freezing
(thaw events; > 3ºC) for four out of eight sample days. A positive relationship was observed
between temperature and GHG emissions during thaw events, where an increase in temperature
on a specific sampling day correlated with increases in CH4 and CO2 emissions relative to the
other winter emissions when temperature was close to or below freezing (0ºC; Zhang et al. 2005;
Song et al. 2006). Additionally, during thaw events the CH4 and CO2 emissions rapidly
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increased, 1.6 and 1.1 times that of winter emissions, respectively. Overall, winter season gas
flux from temperate fluvial wetlands plays an important role in seasonal and annual gas
exchange.

Drivers of GHG emission in headwater streams and fluvial wetlands
Greenhouse gas emissions from headwater streams and fluvial wetland networks, like
those studied here, have received little attention compared to GHG emissions in other freshwater
ecosystems, such as larger rivers and lakes. Specific drivers of these freshwater ecosystem fluxes
are crucial to our understanding and estimation of spatial and temporal C emissions. Our study
found annual CH4 and CO2 emissions to be correlated with stream water temperature and DOC
(p < .0001). Monthly mean GHG flux followed stream temperature patterns where peaks in gas
emissions occurred during the warmest months (Ström et al. 2005; Inglett et al. 2012; Marotta et
al. 2014). As water temperature increases, organic degradation also speeds up which result in
high C emissions to the atmosphere (Downing et al. 2008; Bastviken et al. 2010; Marotta et al.
2014). However, minimum, maximum and median gas emissions did not always correlate with
minimum or maximum water temperatures in this study. This suggests that factors in addition to
temperature are controlling gas emissions. Our study also found both gases to be positively
correlated with increasing DOC content in the stream water (p < .0001), which can infer a strong
role for terrestrial organic matter inputs providing heterotrophic energy sources and sustaining
GHG production in freshwater ecosystems (Lapierre and Giorgio 2012; Borges et al. 2015).
In our study, DOC alone was the strongest driver for CO2 emissions in freshwater
headwater streams and fluvial wetlands from October 2018 to October 2019 (p = 0.0049), which
is consistent with our hypothesis of C availability driving C emissions. However, CO2 emissions
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were also correlated to the combination of TDN, DOC, SO42-, and temperature (p = 0.0084) as
secondary drivers. Based on this observation, it is likely that the combination of nitrogen loading
and the presence of alternative electron acceptors, such as SO42-, regulates the relative
importance of gas production in the stream, therefore effecting GHG emissions (Schade et al.
2016).
The combination between increasing DOC and T and decreasing DO was shown to be the
highest driver and predictor of annual CH4 emissions (p = 0.001). Freshwater uppermost
sediments (located only a few millimeters below the sediment surface) have been shown to be
anoxic (Sobek et al. 2009), which promotes anaerobic biological degradation of terrestrial
organic matter and ultimately produces and releases CH4 into the water column and eventually to
the atmosphere (Bastviken et al. 2011). Both an increase in stream temperature and decrease in
sediment DO content promote these metabolic processes and responses, resulting in larger GHG
emissions (Dillon et al. 2010).
Though runoff was not found to be a main driver for either gas, CH4 and CO2 emissions
did vary with discharge rates. This link was apparent both during individual precipitation events
as well as more broadly over seasons. During a precipitation event in November for example,
both gas emissions increased, likely a result of increased organic carbon inputs via runoff and
higher turbulence (Figure 2b). Similarly, emissions decreased during winter when discharge was
low. Studies have found correlations between gas emissions and discharge, most suggesting that
(1) there must be a near surface source for these emissions if a change in discharge, and
associated turbulence, effects emissions, and (2) key source area (i.e., a wetland complex or
riparian zone) becomes preferentially more important at increased discharge rates (Dinsmore and
Billett 2008; Billett and Harvey 2013). Higher spatial sampling and inclusion of physical site
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characteristics, such as slope gradient, gas transfer coefficients (k), and stream width and depth,
in future studies would help determine whether discharge is a main driver of GHG emission.

GHG emissions from Massachusetts watershed are comparatively low
The range in CH4 emissions measured in our study using the chamber based method
(0.34 – 72.4 CH4 mg m-2 d-1; median 5.5 mg m-2 d-1) was on the lower end of ranges reported for
streams in Europe but fall within ranges reported for streams in the U.S.A. (Table 2). Methane
emissions at our sites also fell on the low side of Alaskan streams, which may be explained by
Alaskan sites being located along C-rich, discontinuous permafrost (Crawford et al. 2013).
However, our measurements are on the high side of the first order streams in Tennessee,
potentially explained by the Tennessee networks draining hardwood-forests catchments, whereas
our sites drain fluvial wetlands to varying degrees, likely resulting in large differences in nutrient
and saturated gas concentrations and inputs (Jones and Mulholland 1998). The range in CO2
emissions measured in our study (244 – 13421 mg CO2 m-2 d-1, median 2134 mg CO2 m-2 d-1)
was lower than reported for European streams, including U.K. headwaters, and Swedish streams
(Table 2; Billett and Harvey 2013; Natchimuthu et al. 2017). However, our emissions were
within the range of U.S. streams (Schade et al. 2016), and on the low side of other European
studies, including Germany and Scotland (Table 2; Hope et al. 2001; Halbedel and Koschorreck
2013).
Many of the studies in Table 2 analyzed GHG emissions across the growing season,
whereas this study looked at annual emissions. Comparing summer emissions from this study,
the range for CH4 and CO2 emissions (0.3 – 70 mg CH4 m-2 d-1 and 278 – 11623 mg CO2 m-2 d-1,
respectively) did not change enough to better fit our data with data from other studies.
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In comparison to the majority of other studies where dissolved gas concentrations were
used to estimated GHG flux, we used a chamber method. In comparing the dissolved gas and
chamber methodologies within our study, the dissolved gas method calculations emissions fall
above a 1:1 line, showing that direct emission measurements are conservative compared to
calculated dissolved gas emissions (Appendix, Figure 1). This could suggest that the higher
ranges seen in studies shown in Table 1 may have been a result of methodology differences.
However, this theory does not agree with Matthews et al. (2003) who compared emissions based
on surface water concentrations and static chamber emissions of CH4 and CO2. Matthews et al.
(2003) found that the chamber measurements were often larger than the emissions based on
surface water concentrations and concluded that it was likely a result of hydrologic disturbance
in deploying a static chamber.
We conclude that further testing of network characteristics and associated emissions, with
consideration of all gas transport pathways, would be beneficial for estimating global C budgets
and freshwater ecosystem gas emission assessments. For example, the loss of CH4 via
methanotrophic bacterial oxidation has been suggested to decrease emissions to be driven
seasonally (Jones and Mulholland 1998). Methane turnover via oxidation in Tennessee streams
assumingly ranged from 0.12 – 0.14 mg CH4 m-2 d-1 during May, consuming potentially 2 – 21%
of CH4 inputs (Jones and Mulholland 1998). Thus, estimates of spatiotemporal CH4 oxidation
needs consideration in future studies when estimating regional diffusive fluxes.
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CHAPTER 5: CONCLUSION
Our study indicates that stream reaches which drain fluvial wetland catchments are
sources of CH4 and CO2 to the atmosphere, and that the large spatial and temporal variability in
these emissions requires assessment in future studies to predict potential drivers. Understanding
the drivers of GHG emission from streams is critical for future efforts to predict and estimate
freshwater emissions. As our climate continues to shift in climatic and hydrologic regimes, GHG
emissions will likely become more spatially and temporally variable. Overall, our study revealed
that at the site level, fluxes were influenced by percent wetland prevalence and DO content,
however annually fluxes were driven by water temperature and fluctuations of DOC.
Additionally, we found freshwater ecosystem summer GHG emissions constituted only
approximately 47% of annual emissions for CH4 and CO2 combined and highlight the need for
year-round emission measurements to accurately represent global freshwater GHG emissions.
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TABLES
Table 1. Seasonal median CH4 and CO2 flux (mg m-2d-1). SE in parentheses. Subscript letters indicate
statistically significant differences for between season comparisons.

Fall
Winter
Spring
Summer

CH4 flux (mg m-2 d-1)
3.1 (2.9)a
3.2 (3.2)a,b
6.8 (5.7)b
10.6 (19.9)c

25

CO2 flux (mg m-2 d-1)
2249 (1310)a
2133 (1023)a
2008 (2262)a
2261 (3351)b

Table 2. Results of studies with associated measurement type, location of study, site type, CH4 and/or CO2 emissions observed. All emission
values were converted to be reported as mg m-2 d-1.

CH4 flux
(mg m-2 d-1)
0.34 - 72.4
(median 5.5)

CO2 flux
(mg m-2 d-1)
244 - 13421
(median 2134)

headwaters

12 - 1090
(median 19)

294 - 417200
(median 11491)

Africa

headwaters

26 - 793

13464 - 66880

Dissolved concentration

Québec, Canada

streams

0.33 - 2576
(mean 97.8)

19.7 - 5879
(mean 888)

Crawford et al.
2013

Chamber

Alaska

headwaters

13.7 - 81

mean 19388

Crawford et al.
2014

Chamber

WI, U.S.A.

small streams

0 - 964
(mean 136)

mean 22440

Halbedel and
Koschorreck 2013

Dissolved concentration

Central
Germany

streams

n/a

1012 - 15620

Hope et al. 2001

Dissolved concentration/
volatile tracer

Scotland

1st order

0 - 345

259 - 44878

Jones and
Mulholland 1998

Dissolved concentration

TN, U.S.A.

1st order

0.4 - 13.2

n/a

Natchimuthu et al.
2017

Dissolved concentration

Southwestern
Sweden

streams

mean 141

mean 70400

Schade et al. 2016

Dissolved concentration

NH, U.S.A.

1st order

4.8 - 50

907 - 3494

Study

Measurement type

Location

Site type

Clarizia et al.
(this study)

Chamber

MA, U.S.A.

headwaters and
fluvial wetlands

Dissolved
concentration/volatile tracer
Data compilation of
dissolved concentrations

United
Kingdom

Campeau et al.
2014

Billett and Harvey
2013
Borges et al. 2015
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FIGURES

Figure 1. Plum Island Ecosystem Long Term Ecological Research Network estuary and watersheds in northeastern
Massachusetts containing the Parker (yellow) and Ipswich River (teal) watersheds. Together, the combined drainage
basin size of the watersheds is 612 km2 and varies drastically in landcover. Circles represent six sampling locations
in dark blue (CC), light blue (SB), dark green (CHEST), light green (MMB), light purple (FED), and dark purple
(IP00). Adapted from Chris Whitney.
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Figure 2. Stream water temperature (a; °C) and runoff and precipitation (b; mm d-1) for the upstream, forested in
blue (CC) and downstream, urban in green (SB) headwater streams and downstream of the wetland (Middleton,
USGS #01101500) gauge in orange from October 2018 to October 2019. Grey bars represent precipitation events
from National Oceanic and Atmospheric Administration’s Climatic Data Center for Middleton, Ma (Station #
USC00194744). Drainage areas of the systems: SB (4.1 km2), Middleton (115 km2) according to the USGS and CC
(3.9 km2). Circles in dark blue (CC) and dark green (SB) represent periods of field sampling for GHG emissions and
water chemistry.
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Figure 3. Water temperature in grey (ºC), CH4 (a) and CO2 (b) flux (mg m-2 d-1) from headwater sites: CC
in dark blue and SB in light blue and fluvial wetland: CHEST (inlet) in dark green, MMB in light green,
FED in light purple, IP00 (outlet) in dark purple from October 2018 to October 2019. Inset representative
of CC fluxes, which was significantly lower than the other sites for both gases. Error bars are the standard
deviation of the mean of three chamber measurements. Dotted lines represent observed frozen periods
where measurements could not be made. Sites represent upstream, forested headwater (CC), downstream,
urbanized headwater (SB), inlet of the fluvial wetland (CHEST), intermediate wetland (MMB, FED), and
wetland outlet (IP00).
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Figure 4. Seasonal emission (mg m-2d-1) and dissolved concentration (µM) of CH4 (A, C) and CO2 (B, D).
Inset representative of fall, winter, and spring dissolved CH4, which was significantly lower than summer.
Error bars are the standard deviation of the mean of three chamber measurements. Lower case letters
represent statistical groupings. Accuracy of dissolved CO2 data dependent on that of field pH
measurements.
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Figure 5. Flux and dissolved concentrations of CH4 (a, c) and CO2 (b, d) across percent wetland drainage
influence. The lowest percent wetland drainage influence is at the urban headwater site, SB (4.13%) and
increases as you move downstream into the wetland complex (CHEST: 4.17%, MMB: 13.2%, FED:
14.26%, IP00: 16.87%). The highest percent wetland drainage influence is at the forested headwater site,
CC (17.67%), because of the presence of beaver dams. Accuracy of dissolved CO2 data dependent on that
of field pH measurements.
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Figure 6. Seasonal percent of annual emission for CH4 and CO2 emissions, where the red line represents
the difference in significance between summer and the other seasons. The majority of annual emissions
for CH4 occurs during the summer (57%) but is followed by spring (25%), fall (13%), and winter (6%).
Thirty-seven percent of annual CO2 emission is seen during the summer followed by spring (26%), fall
(26%), and winter (11%).
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Spring
Summer

CC

SB

CHEST

MMB

FED

IP00

CH4 Flux (mg m-2 d-1)

1.4 (0.6)a,b

5 (0.7)a

3.9 (0.6)a,b

4.3 (0.7)a,b

5.5 (06)a,b

2 (0.6)b

Dissolved CH4 (µM)

0.6 (0.1)c,d

0.7 (0.04)b,c

1.1 (0.1)a

1 (0.1)b

0.7 (0.1)b,c

0.3 (0.02)d

CO2 Flux (mg m-2 d-1)

1343 (327)a

2037 (354)a

2003 (377)a

2195 (558)a

2649 (933)a

3328 (619)a

Dissolved CO2 (µM)

124 (17)b

272 (11)a

158 (16)a

251 (22)ab

246 (39)a

216 (10)b

CH4 Flux (mg m-2 d-1)

1.9 (0.7)b

3.8 (0.8)b

7.7 (1.8)a

2.3 (0.2)b

3.1 (0.8)b

1.7 (0.6)b

Dissolved CH4 (µM)

0.5 (0.04)b,c

0.6 (0.02)b

0.9 (0.1)a

0.4 (0.05)c,d

0.3 (0.02)c,d

0.2 (0.03)d

CO2 Flux (mg m-2 d-1)

2133 (477)b

1989 (318)b

2471 (308)b

1176 (95)b

2714 (589)a

1785 (1079)a,b

Dissolved CO2 (µM)

267 (13)a

272 (10)a

281 (8)a

250 (39)a

274 (16)a

234 (32)a

CH4 Flux (mg m-2 d-1)

4.5 (1.1)b

5 (1.3)b

12.9 (1.7)a

6.6 (1.2)a,b

8.9 (0.6)a,b

13 (1.1)a

Dissolved CH4 (µM)

0.5 (0.06)b

0.7 (0.07)b

1.5 (0.2)a

0.8 (0.1)b

0.7 (0.1)b

0.5 (0.11)b

CO2 Flux (mg m-2 d-1)

1474 (565)c

1231 (112)c

1123 (234)c

2949 (881)a

4055 (682)a,b

4146 (894)a

Dissolved CO2 (µM)

114 (11)b

79.4 (14)b

113 (14)b

79.5 (19)a

259 (13)a,b

60.8 (18)a,b

CH4 Flux (mg m-2 d-1)

5.7 (1.4)a

8.9 (1.4)a

10.3 (1.3)a

11.6 (2.1)a

18.2 (2.1)a

43.7 (5.3)a

Dissolved CH4 (µM)

1.9 (5.5)a

0.9 (0.3)a

2 (0.4)a

3.9 (113)a

2.6 (35.5)a

4.6 (6.8)b

CO2 Flux (mg m-2 d-1)

1399 (198)a

1270 (223)a

1853 (372)a

3308 (361)b

4022 (300)b

8118 (1993)c

Dissolved CO2 (µM)

88 (115)a

47 (39)a,b

52 (26)b

52 (85.5)a,b

55 (24.1)a,b

113 (55.1)a,b

APPENDIX
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Winter

Fall

Table 1. Median CH4 and CO2 flux and dissolved concentrations by site. Flux units are mg m-2 d-1 and dissolved concentrations are !M. SE in
parentheses. Subscript letters indicate statistically significant differences for between site comparisons. Sites represent the forested headwater
(CC), urbanized headwater (SB), inlet of the fluvial wetland (CHEST), intermediate wetland (MMB, FED), and wetland outlet (IP00). Accuracy of
dissolved CO2 data dependent on that of field pH measurements.

Table 2. Median seasonal water chemistry by site. Units are as follows: chloride (mg C L-1), SO42- (mg S L-1), NH4+ (µg N L-1), PO43- (µg N L-1),
NO3- (mg N L-1), DOC (mg C L-1), and TDN (mg N L-1). SE in parentheses. Superscript letters indicate statistically significant differences for
between site comparisons. Sites represent the forested headwater (CC), urbanized headwater (SB), inlet of the fluvial wetland (CHEST),
intermediate wetland (MMB, FED), and wetland outlet (IP00).

CC

Spring
Summer

34

Winter

Fall

-

-1

Cl (mg C L )
SO42- (mg S L-1)
NH4+ (µg N L-1)
PO43- (µg P L-1)
NO3- (mg N L-1)
DOC (mg C L-1)
TDN (mg N L-1)
Cl- (mg C L-1)
SO42- (mg S L-1)
NH4+ (µg N L-1)
PO43- (µg P L-1)
NO3- (mg N L-1)
DOC (mg C L-1)
TDN (mg N L-1)
Cl- (mg C L-1)
SO42- (mg S L-1)
NH4+ (µg N L-1)
PO43- (µg P L-1)
NO3- (mg N L-1)
DOC (mg C L-1)
TDN (mg N L-1)
Cl- (mg C L-1)
SO42- (mg S L-1)
NH4+ (µg N L-1)
PO43- (µg P L-1)
NO3- (mg N L-1)
DOC (mg C L-1)
TDN (mg N L-1)

SB
a

101 (23)
0.75 (0.9)a
7.9 (3)a,b
37 (26)a
0.11 (0.4)a
9.7 (3.3)a
0.43 (0.4)a,b
84.7 (52)a
1.1 (1.7)a
20.5 (32)a
49.4 (40)a
0.04 (0.4)a
6.4 (1.7)a
0.3 (0.4)a
80 (53)a
0.9 (1.7)a
24.3 (18)a,b
26.4 (23)a
0.03 (0.4)a
9 (2.1)a
0.4 (0.4)a
83 (16)a
0.9 (0.6)a
33.2 (39)a
37.4 (8.8)a
0.2 (0.06)a
8.4 (0.5)a
0.5 (0.06)a

CHEST
b

200 (64)
4.8 (1.2)b
22.3 (3)a
18.9 (2.6)a
0.9 (0.2)b
6 (1.5)b
1.2 (0.2)b
157 (80)a
4.7 (1.7)a
72.5 (17)a
68.2 (46)a
1 (0.6)a
5.8 (2.3)a
1.1 (0.6)a
124 (43)c
4.3 (0.5)b
67.7 (41)a
24.5 (8.4)a
0.8 (0.1)b
4.9 (0.9)b
1 (0.1)b
235 (68)a
5.4 (1.3)b
55.9 (41)a
46.3 (13)a
0.8 (0.4)b
4.7 (0.5)b
1 (0.3)b

b

166 (37)
4 (0.9)b
15.3 (2.4)a,b
15.6 (3.4)a
0.8 (0.2)b
5.7 (0.8)b
0.9 (0.2)b,c
42 (87)a
1.3 (2)a
55.6 (8)a
50.2 (16)a
0.4 (0.3)a
5.1 (0.7)a
0.7 (0.3)a
105 (39)b
4.1 (0.9)b
38.8 (6.2)a,b
34.9 (32)a
0.7 (0.1)c
4.7 (1.2)b
0.9 (0.1)c
210 (57)a
4.9 (1.1)c
35.8 (42)a
47.6 (43)a
0.6 (0.2)c
5.2 (1)b
0.8 (0.2)c

MMB
a,b

140 (47)
1.5 (0.7)a
10 (1.6)b
12 (4.4)a
0.05 (0.1)a
7.4 (1.5)a,b
0.4 (0.05)d
122 (15)a
4 (0.2)a
51.8 (7.4)a
37.4 (1.7)a
0.5 (0.1)a
7.4 (1)a
0.9 (0.1)a
92.8 (11)a,b
2.2 (0.8)c
7.6 (2.4)a,b
33.4 (67)a
0.1 (0.08)a
7.5 (0.7)a
0.4 (0.1)a
134 (9.7)a
0.7 (0.5)a
21 (6.8)a
25.9 (20)b
0.04 (0.01)a
10 (1.2)c
0.4 (0.08)a

FED

IP00
a,b

156 (45)
1.6 (0.5)a
11.1 (2)a,b
17.1 (3)a
0.1 (0.1)a
8.1 (3)b,c
0.5 (0.2)c,d
113 (7.6)a
3.7 (0.02)a
34 (4.8)a
33.2 (15)a
0.4 (0.05)a
7 (1.9)a
0.7 (0.1)a
95 (6.9)a,b
1.6 (0.7)c
5.2 (2.8)a,b
25 (15)a
0.03 (0.02)a
8 (1.2)a
0.4 (0.07)a
135 (11.5)a
0.6 (0.5)a
19.2 (7.9)a
25 (1.3)b
0.05 (0.1)a
10.5 (1.2)c
0.4 (0.1)a

122 (26)a,b
1.5 (0.5)a
3.7 (1.9)a,b
16.1 (3.4)a
0.06 (0.08)a
9.5 (1.8)b,c
0.4 (0.2)c,d
124 (20)a
4.1 (0.5)a
82 (10)a
84.4 (64)a
0.4 (<0.01)a
8.6 (2.3)a
0.9 (0.2)a
88.4 (4.9)a,b
1.9 (0.7)c
19 (3.4)b
28.5 (15)a
0.03 (0.05)a
9.7 (1.4)c
0.4 (0.06)a
131 (11.2)a
0.5 (0.5)a
8.6 (6.5)a
31.6 (2.1)a,b
0.05 (0.01)a
13.6 (3)c
0.5 (0.1)a

Table 3. Median water chemistry by season. Units are as follows: chloride (mg C L-1), SO42- (mg S L-1), NH4+ (µg N L-1), PO43- (µg N L-1), NO3-

(mg N L-1), DOC (mg C L-1), and TDN (mg N L-1). SE in parentheses. Superscript letters indicate statistically significant differences for between
seasonal comparisons.

Fall
Winter
Spring
Summer

Cl(mg C L-1)
133 (56)a
121 (58)a
92.3 (31)b
134 (54)a

SO42(mg S L-1)
1.8 (1.5)a,b
3.8 (1.7)a
2.7 (1.4)a,b
1 (2)b

NH4+
(µg N L-1)
12.8 (26)a
55.3 (38)a,b
30.2 (35)b
21 (63)a

PO43(µg P L-1)
19 (33)a,b
41.3 (38)a,b
27 (51)a
37.1 (46)b

NO3(mg N L-1)
0.1 (0.4)a
0.4 (0.4)a
0.1 (0.3)b
0.1 (0.4)b

DOC
(mg C L-1)
7.7 (2.4)a
6.4 (2)a
7.2 (2.2)a
8.5 (3.5)a

TDN
(mg N L-1)
0.5 (0.4)a
0.8 (0.5)a
0.5 (0.3)a,b
0.5 (0.3)b
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Spring
Summer

36

Winter

Fall

Figure 4. Median seasonal environmental parameters by site. Units are as follows: water temperature (ºC), dissolved oxygen (DO; mg L-1),
conductivity (µS cm-1), pH, windspeed (m s-1), and runoff (mm d-1). SE in parentheses. Superscript letters indicate statistically significant
differences for between site comparisons. Sites represent the forested headwater (CC), urbanized headwater (SB), inlet of the fluvial wetland
(CHEST), intermediate wetland (MMB, FED), and wetland outlet (IP00).

Temperature (∘C)
DO (mg L-1)
Conductivity (!S cm-1)
pH
Windspeed (m s-1)
Runoff (mm d-1)
Temperature (∘C)
DO (mg L-1)
Conductivity (!S cm-1)
pH
Windspeed (m s-1)
Runoff (mm d-1)
Temperature (∘C)
DO (mg L-1)
Conductivity (!S cm-1)
pH
Windspeed (m s-1)
Runoff (mm d-1)
Temperature (∘C)
DO (mg L-1)
Conductivity (!S cm-1)
pH
Windspeed (m s-1)
Runoff (mm d-1)

CC
7.6 (4.1)a
7.2 (1.9)a
0.5 (0.1)a
6.7 (0.8)a
3.4 (2.5)a
1.8 (2.1)a
0.5 (0.3)a
13.6 (1.5)a
0.5 (0.07)c
5.1 (0.4)a
6.3 (3.5)a
2 (0.7)a
13 (5.8)a
9.3 (2.2)a
0.4 (0.2)a
6.3 (0.8)a
0.8 (0.6)a
1.4 (0.9)a
18.6 (3.3)a,b
5.1 (2.4)a
0.4 (0.2)c
6.8 (0.6)a
0.3 (0.4)a
0.8 (0.3)a

SB
10.5 (4.9)a
8.1 (1.4)a
0.9 (0.2)b
6 (0.8)a
2.5 (1.8)a
1.8 (2)a
1.9 (1.3)a,b
12.8 (1.7)a
0.7 (0.1)a
5.3 (0.3)a
5.1 (4)a
2 (0.6)a
11.6 (4.8)a
10.5 (1.8)a
0.7 (0.1)b
6.7 (1)a
0.3 (1)a
1.4 (0.9)a
18.2 (2.2)a
8.1 (3.5)b
0.9 (0.3)a
7 (0.3)a
0.8 (0.4)a,b
0.8 (0.3)a

CHEST
9.5 (4.7)a
8.1 (2.5)a
0.7 (0.1)b
6.3 (0.9)a
2.5 (1.7)a
1.8 (2)a
2.2 (0.9)c
13.1 (0.5)a
0.6 (0.06)b
5 (0.2)a
5.4 (4.2)a
2 (0.5)a
13.1 (5.2)a
10.3 (1.7)a
0.6 (0.1)a,b
6.6 (0.8)a
1.7 (1)a,b
1.4 (0.9)a
19.8 (3)a,b
5.9 (2.6)a
0.8 (0.3)a
7 (0.7)a
1.6 (0.6)b,c
0.8 (0.3)a
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MMB
8.2 (4.6)a
4.1 (2.3)b
0.6 (0.05)a
5.9 (0.8)a
2.5 (1.4)a
2.5 (1.8)a
1.4 (0.9)a,b
11.6 (3)a
0.6 (0.05)b,c
4.8 (0.2)a
3.6 (2.5)a
2.5 (0.4)a
15.1 (5.8)a
6.2 (2)b
0.5 (0.1)b
6.6 (1)a
2.1 (1.1)b
1.8 (1.1)a
20.4 (3.2)a,b
0.6 (0.6)c
0.6 (0.1)b
7.1 (0.5)a
1.2 (0.9)c
0.6 (0.4)a

FED
8.1 (5.2)a
5 (2.6)b
0.6 (0.08)a
5.8 (0.7)a
2.7 (1.2)a
2.5 (1.8)a
1.2 (1)a,b
11.1 (1.9)a
0.6 (0.09)b,c
5 (0.08)a
3.6 (2.5)a
2.5 (0.4)a
17 (5.8)a
6.4 (1.9)b
0.5 (0.1)b
6.7 (1.3)a
2.5 (2)b
1.8 (1.1)a
21.3 (2.8)a,b
1 (0.6)c
0.6 (0.05)b,c
7 (0.7)a
2.7 (1.6)c
0.6 (0.4)a

IP00
8.3 (5.2)a
5.2 (2.3)b
0.5 (0.05)a
5.7 (0.7)a
2.5 (1.4)a
2.5 (1.8)a
1.1 (0.7)a
12 (1.6)a
0.5 (0.04)c
4.7 (0.2)a
3.6 (2.5)a
2.5 (0.4)a
14.9 (6)a
6.1 (1.8)
0.5 (0.2)b
7.1 (1.2)a
2.6 (2.5)b
1.8 (1.1)a
21.4 (2.6)b
1.4 (0.5)c
0.6 (0.04)b,c
7 (0.6)a
2.2 (1.6)c
0.6 (0.3)a

Table 5. Median seasonal environmental parameters. Units are as follows: water temperature (ºC), dissolved oxygen (DO; mg L-1), conductivity
(µS cm-1), pH, windspeed (m s-1), and runoff (mm d-1). SE in parentheses. Superscript letters indicate statistically significant differences for
between seasonal comparisons.

Temperature
(∘C)

DO
(mg L-1)

Conductivity
(!S cm-1)

pH

Windspeed
(m s-1)

Runoff
(mm d-1)

Fall

8.9 (4.7)a

59.1 (22)a

6.5 (2.7)a

0.6 (0.2)a

6 (0.7)b

3.1 (1.7)a

Winter

1.5 (1.2)b

96.7 (12.5)b

12.7 (1.7)a,b

0.6 (0.1)b

5 (0.3)a

5.4 (3)b

Spring

14.5 (5.6)c

78.5 (18)c

8.3 (2.4)b

0.5 (0.2)c

6.7 (0.9)b,c

1.5 (1)b

Summer

19.8 (2.9)d

18 (32)d

1.8 (3)a

0.6 (0.2)d

7 (0.5)c

1.1 (1)c
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Table 6. Coefficients for calculation of Schmidt numbers for CH4 and CO2 for 4 - 35ºC as presented by Raymond et al. (2012).

Schmidt number = A + BT + CT2 + DT3, T = ºC
Gas
CO2
CH4

A
1742
1824

B
-91.24
-98.12
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C
2.208
2.4113

D
-0.0219
-0.0241

Table 7. Equations for calculating CH4 and CO2 flux based on dissolved concentrations derived from Raymond et al. (2012). The gas transfer
coefficient for each gas (kgas) is calculated using the average standard Schmidt number for New England freshwater ecosystems (k600) which was
retrieved from Raymond et al. (2012; Figure 4) and the calculated temperature-specific Schmidt number (ScT) for the sampling day (see Appendix,
Table 6). Gas flux was then calculated using kgas, gas concentrations in the atmosphere and dissolved in the water, and the Henry’s coefficient (HT)
for CH4 or CO2 (27 and 29.41, respectively; Harold F. Hemond’s Chemical Fate and Transport in the Environment).

kgas:
gas transfer
coefficient
Gas Flux:
based on dissolved
measurements

Equation

Units

Reference

kgas = k600 * (ScT /600)-0.5

kgas (cm h-1)
k600 (cm h-1)

Raymond et al. 2012
Equation (3)

Gas Flux = kgas * (Gaswater –
Gasair/HT)

Gas Flux (pmol cm L-1 h-1)
kgas (cm h-1)
Gaswater (pmol L-1)
Gasair (pmol L-1)

Raymond et al. 2012
Equation (1)
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Figure 1. Calculated flux based on dissolved measurements compared to captured chamber flux measurements of CH4 and CO2 during the
sampling period. The top two figures show calculated flux values based on dissolved measurements using the range of gas transfer coefficients for
New England freshwater streams of 5 (orange) to 20 (grey) and an average of 10 (blue) as suggested by Raymond et al. (2012). To best estimate
gas flux based on dissolved measurements, a gas transfer coefficient of 5 is advised. Accuracy of dissolved CO2 data dependent on that of field pH
measurements.
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